One contribution of 15 to a theme issue 'Self-organization in cell biology'. In the rod-shaped bacterium Escherichia coli, selection of the cell centre as the division site involves pole-to-pole oscillations of the proteins MinC, MinD and MinE. This spatio-temporal pattern emerges from interactions among the Min proteins and with the cytoplasmic membrane. Combining experimental studies in vivo and in vitro together with theoretical analysis has led to a fairly good understanding of Min-protein self-organization. In different geometries, the system can, in addition to standing waves, also produce travelling planar and spiral waves as well as coexisting stable stationary distributions. Today it stands as one of the best-studied examples of cellular self-organization of proteins.
Introduction
Biological systems self-organize. In the absence of a specific vital force, this statement is trivial, because then all natural forms and patterns must eventually have an explanation within themselves. In many cases, complex forms can be traced back to some initial rather simple structure that is subsequently elaborated on by complex mechanisms. Think, for example, about the bicoid gradient in embryos of the fruit fly Drosophila melanogaster that gives rise to the segmented pattern of the adult fly. The most fundamental patterns result from very few different, rather simple components. In his seminal work, Alan Turing identified constraints on reaction-diffusion systems that need to be met if they are to generate spatial, temporal or spatio-temporal structures [1] . Subsequently, other, typically more involved mechanisms of self-organized pattern formation have been discovered [2] . However, in a biological context only very few bona fide Turing systems of physiological relevance are known today. The stripes of fishes provide one prominent example [3] . Another system that has gained a certain amount of attention in this context is formed by the Min proteins in the rod-shaped bacterium Escherichia coli.
In E. coli, the Min system helps to determine the cell centre as the site of cell division by inhibiting the formation of the division machinery near the cell ends. It was discovered 50 years ago through isolation of a strain that produced a large number of small anucleated cells, termed minicells [4] . About 20 years later, the proteins MinC, MinD and MinE were identified to constitute this system [5] , each of which plays a distinct role [6] : MinC is an inhibitor of FtsZ assembly. FtsZ is the first determinant of the future division site, where it forms a ring that subsequently attracts other proteins to form the division machinery. MinD is an ATPase that directs MinC to the cytoplasmic membrane. After binding to adenosine triphosphate (ATP), it forms a nascent amphipathic helix that inserts into the outer leaflet of the inner membrane [7] . On the membrane, it exists as a dimer with a MinC binding site at the interface between the two MinD monomers. Finally, MinE competes with MinC for binding to MinD and stimulates ATP hydrolysis by MinD. Unexpectedly, these proteins were found to be organized & 2018 The Author(s) Published by the Royal Society. All rights reserved.
in an intricate spatio-temporal pattern [8, 9] : the proteins periodically shuttle between the two cell poles with a period of about 1 min. For roughly half of the period, the proteins assemble in one cell half, with MinD mostly residing at one of the cell poles whereas MinE forms a ring at the distal end of the membrane region occupied by MinD. Then, the proteins quickly translocate to the opposite cell half, where they form a pattern that is mirror symmetric to the one formed before.
The mechanism underlying these pole-to-pole oscillations has been intensively studied during the last two decades using biochemical, genetic, structural and physical approaches. In particular, reconstituted systems have proven to be a most valuable tool in this endeavour. They have revealed a spectacular capacity of the Min proteins to form intricate patterns on lipid membranes including planar and spiral waves. Beyond giving a simple example of protein self-organization and its physiological relevance for division site selection, the Min system also has gained some relevance in the quest for synthesizing a cell from the bottom up.
In this text, we aim at giving a personal overview of where we currently stand and where we see the necessity for future studies.
Min-protein dynamics in Escherichia coli
In this section, we will describe the Min-protein patterns found in live bacterial cells under various conditions. We then briefly review theoretical works that allow us to quantitatively test different possible mechanisms.
(a) Patterns formed by the Min proteins
As mentioned in the Introduction, fluorescently labelled MinD and MinE oscillate between the two cell poles of E. coli [8] [9] [10] (figure 1a). In this process, MinD bound to ATP accumulates at the cell pole while the MinE ring forms near the midcell. Then, the MinE ring moves towards the U-shaped polar zone of MinD and detaches the MinD proteins located in this cell half by increasing ATP hydrolysis through MinD [12] [13] [14] [15] . In turn, the MinD molecules released from the membrane move through the cytosol and attach at the opposite pole. Essentially simultaneously, MinE also detaches from the membrane and diffuses towards the opposite pole, reinitiating the cycle. The oscillation period is around 1 min for wild-type E. coli and changes with the ratio of MinD and MinE in the cell [8, 12] .
A first hint that this pattern emerged spontaneously from Min-protein interactions was given by the pattern in filamentous bacteria that were generated by inhibiting division. In this case, standing waves with multiple nodes appeared [8] (figure 1b). The number of nodes increases with the length of the bacterium, suggesting an intrinsic length scale to the pattern. Further evidence of the self-organizing character of the pattern was obtained by observing Min-protein patterns in spherical E. coli [16] . In this case, MinD periodically assembles into patches on the membrane, but the pattern fails to establish a stable axis. More importantly, it showed that MinD could localize anywhere on the membrane.
The influence of geometry on the Min-protein patterns was further explored by various means to change the shape of E. coli. Bacteria lacking some penicillin-binding proteins assume a branched shape with typically three branches. Depending on the relative length of the branches, the proteins relocate by rotating through the branches or oscillate along the symmetry axis [17] . This sensing of the symmetry also remains possible for irregularly deformed cells [18] and was further explored by sculpting bacteria into various forms through growing them in microfabricated chambers [19] .
In a growing bacterium, when the pattern changes from a standing wave with one node, i.e. the pole-to-pole oscillations, to a pattern with two nodes, travelling waves appear [11] . Presumably, these waves present the dominating pattern in long bacteria, when the Min proteins are over-expressed [11] (figure 1c). In short cells of less than 2.5 mm in length, simultaneous over-expression of MinD and MinE leads to a stationary pattern with the proteins remaining in one cell half, but switching stochastically to the opposite cell half [20, 21] .
In spite of this rich family of Min-protein patterns, only sufficiently rapid pole-to-pole oscillations assure correct placement of the division site. Correspondingly, this pattern prevails for bacteria of standard size, shape and protein expression levels. The pole-to-pole oscillations might lead to an uneven distribution of Min proteins between the daughter cells. However, septum growth is sufficiently slow that the proteins can equilibrate during septum closure [22] . For this, attachment of Min proteins to the nascent septum might be helpful [23] . An additional mechanism assuring that both daughter cells get the same amount of Min proteins is not necessary and regular pole-to-pole oscillations can be observed right after division.
Whether Min-protein oscillations are a widespread phenomenon or whether their physiological relevance is restricted to few species cannot yet be answered. The minCDE genes were found in the diplococcus Neisseria gonorrhoeae [24] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170111 surprise, because S. elongatus possesses an internal membrane system that could have impaired the Min-protein pattern. Chloroplasts, the photosynthesis-performing organelles in plants, have evolved from cyanobacteria and indeed also express MinD and MinE [27] . This also holds for mitochondria of several eukaryotic lineages, although others have replaced the ancestral Min system [28] . MinDE from E. coli and Clostridium difficile have been observed to form pole-to-pole oscillations in the Gram-positive rod-shaped bacterium Bacillus subtilis [29] , which lacks MinE. Potentially exciting Min-protein patterns can be expected for species of the Marine Oligochaete and Nematode Thiotrophic Symbionts (MONTS) cluster of Gammaproteobacteria, for which division site selection also depends on the MinCDE proteins. For two of these species, division always occurs in the centre although they are 45 mm and 120 mm long [30] . In the symbiont of the marine nematode Laxus oneistus, the long and short axes have exchanged roles as it grows in width and divides longitudinally [31] . The Minprotein patterns associated with these bacteria remain to be explored. For eukaryotic organelles, oscillations of MinDE have not yet been reported.
(b) Possible mechanisms for Min-protein pattern formation
Although the experimental evidence from live E. coli largely supports the view that the Min-protein patterns are the result of self-organization of MinD and MinE in the presence of a membrane, it is not immediately clear that the known MinD-MinE interactions can lead to the observed patterns.
To work out possible mechanisms in detail, a theoretical analysis is necessary. A few core interactions between the membrane, MinD and MinE are shared between all of the mechanisms that have been investigated so far: MinD binds to the membrane, recruits MinE, which in turn drives MinD off the membrane (figure 2). Combined with Min-protein diffusion these processes will not lead to an instability of the homogeneous distribution of membrane-bound proteins. To this end, cooperative effects of various kinds have been introduced that lead to accumulation of MinD in some regions of the membrane. All these mechanisms fall into the class of reaction-diffusion systems with the interesting twist that the difference in diffusion constants required for pattern formation results from binding to the membrane.
In a meanfield approach, the state of the system is given by the volume densities of cytoplasmic proteins, for example, c D and c E for cytoplasmic MinD and MinE, and by surface densities for the membrane-bound proteins, for example, c d and c de for membrane-bound MinD and MinDE complexes, respectively. In a simple example, the evolution of the cytoplasmic and membrane-bound protein densities can then be written as
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for the normal cytoplasmic currents at the cytoplasmic membrane. Thus, cytoplasmic proteins simply diffuse, but can exchange with the boundaries. The currents of membrane-bound proteins, j d and j de , notably account for diffusion, for example, The first mechanism proposed for generating the poleto-pole oscillations postulated that the MinD binding rate to the membrane increased with the density of membrane-bound MinD squared [35] . Similar to classical reaction -diffusion systems, where the reactions describe the formation or breaking up of covalent bonds, it also incorporated protein synthesis and degradation [35] . Protein synthesis and degradation, however, are too slow to generate oscillations with a period of minutes, and oscillations indeed continue in the absence of these processes [8] . Instead, for the Min-system, reactions correspond to conformational changes of the proteins or to the formation of non-covalently bound complexes. Accordingly, in subsequent theoretical analysis reactions were assumed to conserve the protein numbers.
At the same time and independently of the above work, two alternative mechanisms were proposed. In one case, the presence of MinE on the membrane suppressed MinD attachment [36] , whereas in the other, membrane-bound MinD formed clusters in a process of phase separation [37] . In favour of the latter, membrane-bound MinD has indeed been observed in vitro to form aggregates presumably after binding to the membrane [12] ; see below. Still, subsequent work has mostly focused on cooperative effects during MinD membrane attachment as the primary cause of the instability that leads to the Min-protein patterns.
An elegant description of a mechanism based on cooperative MinD membrane attachment was formulated shortly after the works described above. It suggests that membrane-bound MinD linearly increases the MinD binding rate [32] . Explicitly, the MinD attachment term is given by
ð2:7Þ
In fact, the term v de c de , which indicates that MinD binding is enhanced by membrane-bound MinD in any form, can be omitted and pole-to-pole oscillations emerge [33] . All these mechanisms reproduce essential features of the Min system in geometries that correspond to E. coli cells. Notably, they exhibit a reduction of the oscillation period with increasing MinE concentration. Furthermore, they produce an intrinsic length scale and thus standing waves with multiple nodes in long bacteria. For this to happen, the reaction rate equation (2.3) needs to be accompanied by an ADP to ATP exchange rate for cytoplasmic MinD that is below a critical value. Alternatively, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170111 the binding rate can be limited by fixing a maximal surface density c max of MinD [11] ,
Subsequently, many more mechanisms have been studied through linear stability analyses and numerical solutions within the meanfield approach and through stochastic simulations. To give but a few examples, higher order structures of MinD on the membrane have been incorporated [38] [39] [40] . Furthermore, alternatives to cooperative binding of MinD have been considered [41, 42] . In these works, either MinD dimerizes on the membrane [42] or two MinE molecules bind subsequently to MinD dimers on the membrane [41] .
Maybe the most relevant addition was to incorporate MinE processivity. This feature implies that one MinE molecule can induce subsequent detachment of several MinD molecules. It had been suggested to generate MinE rings that have been observed in E. coli [43] , which was confirmed by stochastic simulations of a complete Min-protein system [34] and turned out to be crucial for describing geometry sensing of Min-protein patterns in reconstituted systems [44] ; see below. Furthermore, there is direct rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170111 structural [45] and dynamic [46] evidence for MinE processivity. MinE can rapidly switch between two conformations, one of which has a high affinity for the membrane and which is stabilized by interacting with membrane-bound MinD [47] . This recent finding further supports the MinE reaction scheme used in [11] . Note, however, that direct membranebinding is apparently not necessary for generating dynamic Min-protein patterns [48] . In view of the rather low copy number of the Min proteins of about 2000 per cell, one might wonder whether the patterns obtained as solutions to the meanfield equations persist in the presence of molecular noise. Starting with early stochastic simulations [33, 39, [49] [50] [51] and confirmed by many ever since [11, 20, 34, 40, 43, 52, 53] , theoretical analysis indicates that, for the mechanisms tested, the number of Min proteins is indeed sufficient to average out the effects of molecular noise and to produce stable pole-to-pole oscillations. In particular, stochastic simulations in the presence of a closing septum confirmed that no extra mechanism is needed to assure an even distribution of the Min proteins onto the daughter cells [22, 50] . Simulations of the system based on microphase separation [20] and of the mechanism involving MinE processivity [11] both reproduced the exponential increase of the switching rate with increasing cell length that was observed in small E. coli when MinD and MinE are overexpressed.
With these many theoretical works, it remains somewhat surprising that comparatively few studies aim at a systematic study of the patterns produced by the various mechanisms by forming a linear stability analysis [37, 54, 55] or computation of the phase diagram [11, 53, 54, 56] and comparisons of different mechanisms with respect to a specific feature are even rarer. That such comparisons can be helpful is illustrated by Fischer-Friedrich et al. [54] , which paved the way for studying Min-protein dynamics on supported lipid bilayers.
Min-protein dynamics in vitro
Although the idea that the Min oscillations result from MinD and MinE self-organization and independently of external cues emerged very quickly after the first report of this protein pattern (see the previous section), other mechanisms that were suggested involved external cues like a marker for the cell poles or membrane curvature [38, 40] . Proof of the Min proteins' capacity to self-organize into waves was obtained through reconstitution experiments only much later [57] . Since then, numerous groups have engaged in studying Min-protein dynamics in vitro.
(a) Open geometries
First experiments in vitro were performed by exposing phospholipid vesicles to MinD in the presence of ATP. They showed that MinD assembled into well-ordered helical arrays [12] , which deformed the vesicles into tubes. These tubes disappeared upon addition of MinE, giving direct support to MinE-induced detachment of MinD from the membrane. If instead of ATP its non-hydrolysable analogue ATPgS was added, MinD still attached to the vesicles, but failed to form helical structures, suggesting that MinD assembly on the membrane is a two-step process. Subsequent experiments showed that MinD attachment to a lipid membrane does not obey Langmuir kinetics. Instead, the fraction as well as the total amount of MinD bound to phospholipid vesicles increased with the total concentration of MinD [15] . Still the nature of the underlying cooperative effects remains unclear to the present day.
In a theoretical study, it was speculated early on that if the Min oscillations resulted from MinD and MinE selforganization, then these proteins should also form patterns in vitro [37] . Later it was found that the absence or the presence of Min-protein patterns on flat membranes can distinguish between different mechanisms [54] . Exposure of MinD and MinE to a membrane that is supported by a solid substrate resulted in the formation of planar travelling waves [57] (figure 3a). These waves moved at velocities of 0.5 mm s 21 and presented an intrinsic wavelength of 80 mm. With time the wavefronts typically broke up and spiral waves appeared. Although the proteins formed travelling instead of standing waves (travelling waves in E. coli were reported only later [11] ) and although the length scale associated with the waves was much bigger than in cells, this work demonstrated the ability of the Min proteins to self-organize into dynamic spatial patterns.
This set-up was used to further characterize the Min-protein dynamics on a molecular level. The MinD profile in a wave confirmed that binding of MinD to the membrane was cooperative [46] and additional observations from reconstitution experiments with flat supported bilayers were interpreted such that MinE on the membrane could either accelerate MinD binding to the membrane at low concentrations or suppress MinD binding at high concentrations [59] . Furthermore, there was evidence that MinE could persist on the membrane even after release of MinD [46] . This observation was further supported by structural analysis of MinE carried out at the same time [45] . It explains the subsequent removal of several MinD dimers from the membrane by one MinE dimer in terms of a Tarzan-of-the-Jungle mechanism. This mechanism could also explain why the residence time of MinE increases towards the trailing edge of a Min-protein wave [46] . Surprisingly, the same was observed for MinD, suggesting that some kind of MinD arrays similar to the ones observed on phospholipid vesicles might be present on the support lipid bilayer. Direct evidence is however lacking.
Some theoretical descriptions had incorporated the possibility of higher order MinD structures on the membrane [38 -40,60] for which there is also some evidence from reconstitution experiments [61] . None of these descriptions has been applied to the geometry of a flat membrane, though. In fact, essentially only the mechanism introduced in [44] has been analysed in geometries corresponding to Min proteins on flat membranes. Given the harsh criticism this model received [62] , it is all the more surprising that to our knowledge no other mechanism is capable of reproducing the travelling Min-protein waves that were observed in vitro. In particular, the model by Huang et al. [32] , which is used in many current studies, can to our knowledge not reproduce any of the patterns observed in the open geometry.
Similar to the patterns in vivo, one can gain further insight into the patterns in vitro by changing the geometry. One possibility is to prepare membrane patches of various forms and sizes. These studies revealed that patches can guide travelling Min-protein waves [44] (figure 3b). This phenomenon could only be reproduced when incorporating MinE processivity [44] . These studies showed furthermore that coupling of different surface patterns through diffusion in the cytoplasm is limited. The very different length scales of the Min-protein patterns in vivo and in vitro remained a challenge for quite some time as did the absence of standing waves in vitro. The first reconstituted system, where standing waves similar to the pole-to-pole oscillations in E. coli could be observed, used wells that had been filled with MinD and MinE [63] . After formation of the waves, the level of the buffer was reduced, such that the chamber, which had minimal lateral extensions and a depth of 10 mm, was no longer in contact with a protein reservoir. The standing waves had an intrinsic length of roughly 30 mm. The minimal oscillation period was 60 s and increased with the compartment length [64] . These results were later confirmed by studies of purified Min proteins in confined fluid chambers of similar extensions [58] (figure 3c). These experiments indicated that the characteristic length and time scales of the patterns depend on the actual number of proteins present. Still, reconstitution experiments have not yet reached the values present in the in vivo patterns. It might be that a further reduction in compartment size down to sizes comparable with bacteria is necessary. Unfortunately, experiments on aberrantly large E. coli cells are not conclusive to support or reject this idea [11] . It should be furthermore noted that the lipid composition of the membrane [64] [65] [66] , and the salt concentration in the buffer [66] , as well as the Min-protein [44, 58] and the lipid diffusion constants [67] affect the appearance of patterns, their characteristic length, or velocities.
This finding also highlights a problem of the theoretical analysis of the open geometry. Only recently, these studies explicitly accounted for the dimension perpendicular to the membrane [11] . Although similar patterns were obtained in two-and in three-dimensional calculations [68] , quite different parameter values were needed in both cases to obtain patterns with the same characteristic length and time scales. As an aside, let us also note that, for the time being, no non-trivial limit has been identified in which the three-dimensional description of cooperative binding can formally be replaced by a two-dimensional description. The situation is different for the aggregation current mechanism, which can be reduced to the fields of membrane-bound proteins if the cytosolic diffusion constants tend to infinity [69] . The reason is that in the latter case the attachment and detachment terms depend only linearly on the densities of membrane-bound proteins.
The reconstitution of confined Min-protein systems also helped to clarify the role of cardiolipin for Min-protein pattern formation. As these anionic lipids preferentially localize at the cell poles, they had been suggested to form a spatial cue that is read out by the Min proteins. Indeed, experiments on deformed spheroblasts showed colocalization of MinD and cardiolipin in regions of high curvature [70] . However, the formation of Min-protein surface waves per se does not require the presence of cardiolipin [64, 66] . Furthermore, experiments on aberrantly shaped E. coli, which revealed a preferential localization to regions of high curvature [17, 18] , and experiments on topographically structured surfaces [71] , which might suggest an essential role for membrane curvature on the Min-protein patterns, can all be reproduced by mechanisms that do not account for differences in MinD binding affinities to membranes of different curvatures [11, 17, 68] . rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170111 understanding of the Min-protein self-organization, the processes of MinD and MinE attachment to and detachment from the membrane need to be characterized in more detail and the corresponding rate constants need to be measured. An important step in this direction were quartz crystal microbalance measurements [72] . These measurements indicate a weak cooperativity in MinD binding to the membrane (Hill coefficients between 1 and 2). These results need to be complemented by other methods and the binding kinetics should be analysed in more detail. For example, alternatives to the cooperative binding as present in the mechanism by Huang et al. [32] have been considered (e.g. [37, 41, 42] ) but a thorough comparison with experiments has not been performed. It will be interesting to incorporate this information or the suggested effect of membrane-bound MinE on MinD binding [59] into a mathematical description and study their effects on the Min-protein patterns from a theoretical perspective.
Open problems
An even more ambitious task is to uncover the molecular mechanism of cooperative membrane-binding of MinD to the membrane as well as the molecular details of the organization of membrane-bound MinD and MinE. Do the MinD molecules organize into supramolecular structures when bound to a membrane? If they do, how does MinE interact with them? In vitro, MinD was found to form higher order structures in the form of filaments [13] or tight helical arrays [12] , and there is a report of helical filamentous MinD structures in vivo [73] . ATP hydrolysis is likely required for their formation, since in vitro MinD failed to form helical arrangements in the presence of the non-hydrolysable ATP analogue ATPgS [12] . However, it remains to be seen whether these structures are important in vivo and whether they appear in the presence of surface waves. As discussed above, the fact that MinD and MinE reside longer on the membrane at the tail than in the front of surface waves [46] indicates that supramolecular structures do exist at least in vitro. Important advances have been made in elucidating the interaction between MinD and MinE based on MinE molecular structures that notably revealed conformational changes of MinE when interacting with MinD [45, 47, 74, 75] . New electron microscopy techniques might prove to be very informative when used on MinD-MinE assemblies, similar to what has been achieved for FtsA-FtsZ assemblies [76] .
Conditions in live bacteria are different from those of reconstituted systems: the Min proteins might interact with proteins that are absent in vitro and the membrane might present structural differences in both situations. For example, the cytoplasmic membrane of live E. coli is ( partially) occupied by other biomolecules. Whether these differences have a fundamental effect on the Min-protein patterns or whether they even require a different mechanism underlying the formation of Min-protein oscillations in live cells and in reconstituted systems, as has been recently suggested [58] , remains to be seen. Given the fact that a single mechanism based on observed Min-protein interactions reproduces a large part of the observed patterns in vivo and in vitro, it seems unlikely to us that a fundamentally different mechanism is at work in the two situations. Still, parameter values are likely to differ in vivo and in vitro and the relative importance of different protein interactions might not be the same either. Only quantitative experiments can help to answer these questions.
Another point that is in dire need of quantitative experiments concerns the bifurcation diagram. The theories make precise predictions about different dynamic states of the Min system as protein numbers or the size of bacteria and compartments, respectively, are changed. A thorough experimental exploration of the phase space, in particular, as a function of protein numbers, is currently missing. Even so, we suggest that already the topology of the phase space will provide severe constraints on possible mechanisms.
Finally, stochastic effects on Min-protein patterns have not yet been studied in depth. Stochastic simulations have been performed as described above. However, we still lack a thorough understanding of stochastic switching and of stuttering. The term 'stuttering' describes the observation that sometimes a retracting MinD-cap can re-grow instead of re-forming at the opposite pole [10, 60] . Using WentzellFreidlin theory, the switching rate of a system that corresponds to MinD only has been calculated [77] . In this case, the switching rate is determined by the most likely path between two coexisting stationary states. It decreases with increasing cell length and thus protein number, which is in contrast to the observations in E. coli in the presence of MinE [20] . It would be interesting to see whether a similar approach could explain the switching characterisitic of the full MinD-MinE system and yield insight into stuttering.
Conclusion and perspectives
The works reviewed in the above sections show that our understanding of the Min system owes a lot to a tight interplay between experiments in vivo, experiments in vitro and theoretical analysis. They have also shown the usefulness of investigating the protein dynamics in various geometries for constraining possible mechanisms leading to pattern formation. In fact, geometries can often be controlled quantitatively in a more precise way than molecular interactions. In our opinion, the interplay mentioned above has, however, not yet unfolded its full power. Notably, a thorough mapping of the corresponding phase diagrams in various geometries through experiments and calculations seems to be an important step in deciphering the mechanisms underlying emergent Min-protein patterns.
Beyond the specificities of the Min system, we think that the insight gained by a detailed study of the Min system will be helpful also in other contexts. First of all, many proteins shuttle between the cytoplasm and a membrane with rates that are modified by other proteins or molecules. Just think about the vast class of proteins containing a C2 domain that have a high affinity for attaching to a lipid membrane after binding Ca 2þ , notably the family of conventional protein kinases C. Similar to MinD, interactions with other molecules that constitute feedback loops can lead to pattern formation on membranes. These spatio-temporal aspects may shed new light on the cellular processes these proteins are involved in. To give just one example, the formation of (nano)clusters that has been reported for some membrane-bound signalling molecules [78] [79] [80] [81] might play an important role in signal detection, amplification and relay. Not all of these clusters are transient, for example, the one formed by chemoreceptors in E. coli [78] , and others may be assembled by the cytoskeleton and not through cooperative effects intrinsic to the membrane-bound molecules [80] . Still, a thorough understanding of the Min proteins can help to design experiments to answer how these structures are formed and what physiological roles they might play. Notably, waves could be a common theme for these structures. Indeed, based on symmetry considerations, it was shown rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170111 that proteins shuttling between the cytoplasm and a membrane should generically organize into propagating wave patterns [82] . Waves are obviously a prime candidate for propagating information from one part of a cell to another. With the discovery of actin waves in many cell types, there is now also a specific example where such a mechanism could be actually realized in cells [83] . These waves, which at their base might have a core feedback between actin-nucleation promoting factors (cooperative activation) and actin (inactivation of actin-nucleation promoting factors) that is akin to the interactions between MinD and MinE, are notably thought to play a role in cell migration and polarization. These processes might represent whole-cell responses to localized signals, calling for waves to quickly relay them to cellular regions distant from the point of signal release. It has also been speculated that waves play a fundamental role in size determination of biological systems [84] .
In addition to the intrinsic beauty of the Min-protein surface patterns, these examples suffice to justify an attempt to obtain a detailed understanding of the mechanism underlying the pole-to-pole oscillations in E. coli.
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